Abstract. Eleven theoretical predictions (or assumptions) of life history evolution are considered for the montane Columbian ground squirrel, Spermophilus columbian us. using age-specific survival and fecundity from six life tables of natural populations. The following statements are supported among age classes among populations, among age classes within populations, and (or) within age classes among populations: (I) mortality rates are high after birth, drop to a minimum by age 1 yr, and then rise with age; (2) fecundity increases with age and seldom decreases at the last age of reproduction; (3) reproductive value and residual reproductive value rise to a peak and then fall with age; (4) age-specific mortality rates and. age-specific mortality covary inversely with reproductive value; (5) residual reproductive value, survival, and survival rates covary inversely with fecundity; (6) residual reproductive value is positively correlated with adult survival; (7) no relationships were foun~ bet~een fecundity and successive survival probabilities in the life table; (8) no relationshIp was found between age at maturity and life expectancy; (9) no relationship was found b~tween litter size and generation length; (10) should explicitly delineate the level of organization to which they pertain.
within age classes, and among species are not always similar, so that theoretical predictions i::?~1 '; should explicitly delineate the level of organization to which they pertain. I:t'~i . Ke~ ~ords: age at maturity; ag~-specific; Col~mbian grou~ squirrel; demography; fecundity; lifẽ ~~ histOry, life tables; mammal; mortahty; reproductive value; residual reproductive value; Sperrnophi1us I;;,~~-co1umbianus; survival.~I NTRODUCTION tory patterns should consider bet-hedging theory (MurMammalian life history traits of natural populations phy 1968 , Chamov and Schaffer 1973 , Steams 1976 , have been examined in the light of life history theory or another as yet unarticulated theory that considers in several interspecific studies (Millar 1977 , Blueweiss age structure (Charlesworth 1980 , Steams 1983b ). et al. 1978 , Western 1979 , Tuomi 1980 , Millar and Nevertheless, most predictions of bet-hedging theory Zammuto 1983 , Steams 1983a . However, few studies were contradicted by age-specific survival and fecunhave examined life history traits in several populations dity patterns in different populations of Columbian of one species (Smith 1978 , Bronson 1979 ground squirrels, Spermophilus columbianus (Zamand Millar 1985a , b. Dobson et al. 1986 . One reason muto and Millar 1985b). Perhaps other age-specific, for the lack of such studies is the difficulty of obtaining theoretical predictions are important for the evolution life-table data. Accurate aging techniques and tests of of intraspecific life history patterns., The life history assumptions (net reproductive rate, Ro = I; intrinsic literature contains a number of such predictions. The rate of increase, r = 0; no year effects) needed to con-purpose of this study is to evaluate the importance of struct time-specific life tables have only recently begun several of these predictions for the evolution ofmamdevelopment (Zammuto and Sherman 1986), so they malian life histories. are not available for many mammals. Therefore, zero I consider age-specific, theoretical predictions of life A age class cohorts must be followed throughout their history evolution that do not directly pertain to r-K or lives before life tables can be constructed for most bet-hedging theory, using six life tables for the herbivmammals. This vastly increases study logistics for long-orous, montane Columbian ground squirrel. This lived mammals. Even when multiple life tables are species is relatively long lived (> 3 yr), allowing exavailable for a mammal, they have seldom been ana-amination of several age classes, and abundant, so that lyzed in light of life history theory (see Caughley 1977: removed animals are quickly replaced. In addition, 86, Millar and Zammuto 1983) . litter size and survival within populations are relatively Recent arguments suggest that intraspecific life his-stable from year to year when compared with many rodents (Murie et al. 1980, Boag and Murie 1981) , and I Manuscript received 29 May 1986; revised 26 November the influence of differing environmental conditions on 1986; accepted 2 December 1986. the life history and population genetics among popu-ME 1. h di THODS Iterature t at were not rectly related to r-k or bethedging theories and were testable by the data pre-I collected 506 Columbian ground squirrels (~l yr sented here were considered. Relationships among traits old) with Conibear traps from six undisturbed popufor entire age classes were examined under the as-lationsofsimilaradultdensity(10-15individuals/ha), sumption, supported by Lande (1982) , that life history at elevations of 1300-2200 m, in the Rocky Mountains . characteristics of age classes many times depict the of southwestern Alberta during 1980 and 1981. Most summation of life history characteristics of individof the animals present in four populations were coluals. No doubt some of these predictions may be ex-lected so that statistics for these populations should J amined using individuals or species instead of age approach real population parameters. Two populations classes, and conclusions from such studies may differ were larger (> 200 individuals) than the others so infrom conclusions made here. Heretofore, some of these dividuals were sampled as randomly as possible from predictions have been examined for individual Columthese populations until ~ 100 were captured. Each popbian ground squirrels, with results similar to those pre-ulation was studied at the birth-pulse (see Caughley sented here (J. O. Murie and F. S. Dobson, personal 1977:6) within 4 wk of female emergence from hibercommunication). The predictions considered here are: nation. Age (annual adhesion lines in diastema of lower (1) the age-specific mortality rate should be high after jawbone, checked against known-aged animals, followbirth, should drop to a minimum prior to the age at ing Millar and Zwickel (1972) ), male maturity (males maturation, and then should rise with age (Emlen 1970: with pigmented scrota or scrotal testes were considered 591, Preston 1972: 168); (2) age-specific fecundity should mature), female maturity (females with embryos or rise to a peak and then should fall with age (Emlen placental scars were considered mature), and litter size 1970:593, Preston 1972:168); (3) reproductive value (embryos or placental scars) were detennined. and residual reproductive value should rise to a peak Time-specific life tables were constructed under the and then should fall with age (Fisher 1958:28 (Bronson 1979 (Bronson , 1966 ; (7) age-specific survival, survival rates, and Murie et al. 1980, Boag and Murie 1981, Dobson et (or) successive survival probabilities in the life table al. 1986, Zammuto and Sherman 1986 ). The life tables should vary inversely with age-specific fecundity (Snell were smoothed using the log-polynomial method deand King 1977 :887, Caswell 1980 :20, 1982 ; (8) scribed by Caughley (1977:96) to produce the greatest age at maturity should be positively correlated with similarity possible between the time-specific life tables life expectancy (Tinkle 1969 :502, Wittenberger 1979 : and the long-tenn age structures of the populations. 442); (9) litter size should be inversely related to genAge-specific survival, Ix, the proportion of animals eration length (Hirshfield and Tinkle 1975:2229) ; (10) living to age x, and the age-specific survival rate, Px, future fecundity should vary inversely with present fe-the proportion of animals alive at age x that survive cundity (Caswell 1982:521) ; and (11) age-specific fe-to age x + 1, were calculated after Caughley (1977:85) cundity should vary inversely with modified repro-as: ductive ,:alue (Charlesworth 1980:242) . A1th~u~ some Ix = nxlno, (1) sample SIzes for older age classes (age 4+) wIthIn populations are small ( < 5), the number of animals in youn-where no was the number born and nx was the number ..
ger age classes allows examination of most predictions living to age x, and as: (see ~onley 1984:117) . Millar and Zammuto (1983) concluded that life-ta-) ble characteristics of one population of a given mamrespectively. Age-specific mortality, dx, the probability mal may be representative of many species. Hence, an of dying between ages x and x + 1, and the age-specific intra-and (or) interpopulational consideration of these mortality rate, qx, the proportion of animals alive at 11 predictions for six populations could help elucidate age x that die before age x + 1, were calculated after general relationships between age-specific survival and Caughley (1966, 1977:85) (Pielou 1974: 17) . The age-specific mortality rate (qx) is the life-table population 3 may be a result of the higher juvenile parameter that is least affected by sampling biases, con-survival coupled with the lower litter size (both P < tains the most direct information about the mortality .05) that population 3 possessed when compared to the pattern, and is the most efficient parameter for com-other populations (Tables 1-6 ). paring life tables among populations (Caughley 1966, qx usually rose with age after age 1 yr, even though 1977:87). Emlen (1970:591) predicted that qx should maturation did not occur until ages 2 or 3 yr in five be high after birth, should drop to a minimum prior populations. Therefore, high qx usually occurred after to the age at maturation, and then should rise with age birth and then fell as predicted, but it usually began to after maturation (also see Caughley 1966). That is, rise after the juvenile year, even though maturation maximum resistance to mortality should occur during had not occurred by then in five populations. Overall, the pre-reproductive period and resistance should de-these data indicate moderate support of Em len's (1970) crease thereafter (Williams 1957 , Hamilton 1966 , Em-prediction, since qx usually was high after birth, delen 1970) .
creased during the pre-reproductive period, and then Overall, qx (for x = 0, 1) was high after birth, dropped increased with age as he predicted, but variation existed to a minimum by 1 yr (r = -0.79, n = 12, P < .01; with regard to the age that qx increased with respect to see Fig. lA) , and then increased with age (for x ~ 1 maturation-age, and population 3 did not follow the and qx > 0) among populations (r = 0.66, n = 28, P < prediction. These results indicate that selective intensity to de-lation 4, the only population where the predicted patcrease qx should be highest between birth and age 1 yr tern could be considered to have been followed (Table  in all populations except population 3, if selective in-4, Fig. 1 B) . tensity to decrease qx is highest where qx falls with age Overall, these results indicate that mx increases with (Williams 1957 , Emlen 1970 . Perhaps selection age as Emlen (1970) predicted, but it seldom decreases operates most intensively on the juvenile age classes after peaking. Laboratory populations have displayed in populations 1, 2, 4, 5, and 6. Poor survival in ju-the predicted decrease after a peak for mx (Myers and venile age classes compared with other age classes sup-Master 1983). Perhaps the predicted decrease of mx ports this idea (Tables 1, 2, 4-6).
with age was not observed in natural populations because most individuals died before this "aging" effect Prediction 2 could be observed. Alternatively, selection for fecunEmlen (1970:593) predicted age-specific fecundity dity may not decrease after peaking as Emlen (1970) (mx) should rise to a peak and then should fall with predicted. age. That is, it is thought that natural selection should . . push the highest possible fecundity towards earlier and Prediction 3 earlier age classes until opposing forces keep fecundity Fisher (1958:28) , Pianka and Parker (1975:457) , and from further increasing and (or) opposing forces keep Pianka (1976:779) predicted that reproductive value fecundity from occurring at earlier ages. After this, (vx) and (or) residual reproductive value (vx*) should selection for fecundity should decrease with increasing rise to a peak and then should fall with age. The arage because selective forces no longer exist for high guments for this prediction relate to those for Predicfecundity after high, early, successful fecundity occurs tion 2, but here Vx and vx* combine survival with mx. (Emlen 1970) .
The following is a synthesis of arguments advanced by Overall, mx (for x > 0) increased with age among Williams (1957 , 1966 ), Emlen (1970 , Pianka and Parpopulations (r = 0.60, n = 34, P < .001; Tables 1-6, ker(1975 ), Pianka (1976 ), and Rose (1984 . It is argued Fig. IB) , and increased with age within populations 1, that individuals risk subsequent survival by reproduc-3, 4, and 6 (all P < .05), whereas the positive trends ing. The youngest age class that reproduces has a greatin populations 2 and 5 were not significant (both P > er survival risk caused by reproduction than older age .06) (Tables 1-6, Fig. IB) . mx peaked at the last repro-classes, because of their relative inexperience at abductive age in population 2 after a fall at age 5, whereas taining resources and producing offspring. This pattern m" remained relatively stable for ages 3-5 yr within causes each individual in younger age classes to conpopulation 5 (Tables 2 and 5 , Fig. IB) . mx dropped tribute fewer offspring to future generations than those with age for one age class after peaking within popu-in older age classes. As individuals grow older, larger, t Age class composed only of males so not used in fecundity analyses.
and more experienced, they obtain more resources and a peak and then fall with age among populations, among possess lower survival risks for each offspring produced species, and within most populations of mammals. than when they first bred. Thus, older animals con-Therefore, these results are consistent with arguments tribute more offspring to future generations at a lower that young animals have a greater survival risk atcost to survival than younger animals, and therefore tached to reproduction than older animals and that Vx and vx* should increase with advancing age. After selective pressure to survive and reproduce is relaxed the maximum number of offspring are contributed to with increasing age in mammals (Williams 1957 (Williams ,1966 (Williams 1957 , 1966 , Rose 1984 ). (1979 predicted that age-specific mortality (dx) Vx (for x ~ vrnax) rose to its maximum value with and (or) age-specific mortality rates (qx) should covary increasing age among populations (r = 0.75, n = 21, inversely with reproductive value (vx). That is, high P < .001) and within populations 2 and 3 (both P < current mortality should reduce the average contri-.05) (Tables 1-6, Fig. lC) . Similarly, vx* (for x ~ vrnax*) bution of offspring to future generations. Michod (1979) marginally rose to its maximum value with increasing and Charlesworth (1980:265) questioned the biological age among populations (r = 0.52, n = 14, P = .06) significance of such a relationship on mathematical (Tables 1-6, Fig. 1 D) . The predicted fall of v x (for x ~ grounds of autocorrelation. For example, this predicvrnax) and vx* (for x ~ vrnax*) with increasing age after tion may simply indicate that if animals die they will each peaked was strongly supported among popula-not produce offspring. However, this prediction may tions (r = -0.69, n = 25, P < .001, and r = -0.77, also indicate that age classes that are adept at resisting n = 25, P < .001, respectively; Tables 1-6, Fig. lC , mortality are also adept at successful reproduction. D). The predicted fall ofvx (for x ~ vrnax) with increasing qx and vx, and dx and Vx were correlated inversely age was supported within populations 3, 5, and 6 (all among populations (r = -0.72, n = 34, P < .001 and P < .05), and the fall of vx* (for x ~ vrnax*) with in-r = -0.60, n = 39, P < .001, respectively; Tables 1-creasing age was supported within populations 2-6 (all 6, Fig. 2A, B) . qx and v x were correlated inversely within P < .05), and marginally within population 1 (P = .06) populations 1, 2, 5, and 6, and d x and v x were correlated (Tables 1-6 , Fig. lC, D) . The general rise and fall pat-inversely within populations 1 and 6 (all P < .05) tern between Vx and age and vx* and age has been found (Tables 1-6 ). dx and Vx were correlated inversely within for six other mammals. Animals of the age class where Vx peaks contribute the most offspring to future generations (Fisher 1958: TABLE 7 . Differencestbetweenstandingagestructuresofthe 27). Vx peaked for age classes 2 or 3 yr in all populations six populations. except population 3 where it peaked at age 4 yr, where-' as vx* peaked at age 1 yr in all populations except PopuPopulation population 3 where it peaked at age 3 yr (Tables 1-6,  lation  1  2  3  4  5  6 :r Fig. lC, D) . The pattern for vx* within population 2 1 NS NS NS *** ** ;; may be noteworthy. Population 2 displayed a semi-2 NS *** *** *** bimodal peak, probably caused by a nonreproductive ~ * ** ** 5-yr-old (Table 2 , Fig. lC, D All data indicate that Vx and vx* usually increase to df= 5, P < .001. age classes 1 and 2 yr (r = -0.91, n = 6, P < .05 and fecundity in an age class should diminish the contrir = -0.93, n = 6, P < .01, respectively), whereas qx bution of offspring to future generations by future age and Vx were not correlated (all P > .05) within any age classes. class. Therefore the prediction that qx or dx should vx* and mx (for x > 0) were marginally correlated covary inversely with Vx is supported among populainversely among populations (r = -0.36, n = 28, P = tions, within the majority of populations, and within .06, Tables 1-6, Fig. 2C ). vx* and mx were correlated two age classes.
only within population 4 (r = -0.96, n = 4, P < .05) These results moderately support the hypothesis that and they were not correlated within any age class (all mortality-resistant age classes are more adept at con-P> .50, Tables 1-6). These results suggest that present tributing offspring to future generations than age classes levels of fecundity (mx) may slightly (P = .06) reduce not resistant to mortality, and they are also consistent re~idual reproductive value (vx*) among populations with an autocorrelative cause for these inverse relaand within one population, whereas mx does not seem tionships. Perhaps other predictions will help shed light to reduce vx* within any age class. Therefore there is on this apparent theoretical and empirical underpinonly weak support for the prediction that high fecunning (see Michod 1979 and Conclusions). dity in one age class diminishes the contribution of offspring to future generations by future age classes. . . mx is a measure of reproductive effort (Williams 1966 : PredIctIon 5 689, Hirshfield and Tinkle 1975 :2228 . Therefore, these Pianka and Parker (1975) and Snell and King (1977) results weakly (P = .06) support Willliams' (1966) prepredicted that residual reproductive value (vx*) should diction that reproductive effort should vary inversely vary inversely with age-specific fecundity (mx). That with vx* (contra Tuomi etal. 1983). However, Williams is, if high fecundity has a greater cost in terms of de-(1966) suggested this relationship should be found for creased future fecundity than low fecundity, then high interspecific comparisons, but it does not seem to exist Ecology, Vol. 68, No.5 for interspecific studies of mammals (Millar and Zam-essarily high, and vx* does not uniformly decrease with muto 1983).
age (Tables 2 and 3) . . . v,,* and Ix (for x ~ a) were positively correlated among PredIction 6 populations(r = 0.69, n = 21, P < .001), but not within Williams (1966:689) predicted that residual repro-any adult (x ~ 2) age class (all P > .25; Tables 1-6, ductive value (vx.) should be positively correlated with Fig. 2D ). vx. and Ix (x ~ a) were significantly correlated adult survival (Ix, for x ~ a). That is, age classes (or only within population 3 (r = 0.97, n = 4, P < .05). species) with low mortality rates should channel re-However, all correlation coefficients between vx. and sources for reproduction into later life instead of during Ix within populations exceeded 0.89, but with only 1 the present, since this allows low mortality to continue or 2 df, they were insignificant, suggesting that this by the avoidance of increased stress from breeding. prediction needs further study within populations that Channeling resources for reproduction into later life possess> 3-4 adult age classes. also maximizes reproductive output over a lifetime and Overall, these results support Williams' (1966) pre-"-best represents animals in future generations. High re-diction among populations and are suggestive of supproductive output in the present reduces future repro-port within populations. However, contrary to Wilductive output because it shortens lifespan and thus Iiams (1966) , this positive relationship may pertain t reduces the average number of offspring contributed only to intra-and interpopulational comparisons, since to future generations (Williams 1966) . This evolutionit does not appear to exist for interspecific comparisons ary reason for a correlation between vx. and Ix may be among mammals (Millar and Zammuto 1983) . real, but vx. and Ix may be correlated simply because . . both generally decrease with age and (or) v x is calculated PredIction 7
using Ix values. Nonetheless, the prediction is examined Williams (1966), Snell and King (1977) , and Caswell here because the degree of autocorrelation is not nec- (1980, 1982) predicted that age-specific survival rates (Px), and (or) survival (Ix), and (or) successive survival mx (for x > 0) were correlated inversely among popprobabilities in the life table (lx+2/lx, Ix+3/lx, see Caswell ulations (r = -0.38, n = 28, P < . 05 and r = -0.63, 1980) , should vary inversely with age-specific fecun-n = 33, P < .001, respectively; Tables 1-6, Fig. 3A , dity (mx) (contra Gadgil and Bossert 1970: 19) . That is, B) supporting the first part of Prediction 7 and falsifycosts of reproduction for a given age class should be ing Gadgil and Bossert's (1970) opposing prediction. manifested as reduced survival for the current and sub-px and mx (for x and px > 0) were marginally correlated sequent age classes (Caswell 1980 (Caswell , 1982 . Schaffer (1981) inversely only within population 4 (P = .06), whereas and Yodzis (1981) argue Caswell's (1980) mathematics Ix and mx were correlated inversely (all P < .05) within incorrectly assert that fecundity at age x can affect fe-populations 1, 3, and 6, and they were marginally (P = cundity or survival at age x-I.
Schaffer (1981) argues .06) correlated inversely within population 4 (Tables that this is only possible in the case of extended pa-1-6). Ix and mx were correlated inversely within age rental care. However, Caswell (1981) and Ricklefs classes 2 and 3 yr (both P < .05), whereas px and mx (1981 ( ) maintain Caswell's (1980 original assertion was were not correlated within any age class (all P > .25). correct. Notwithstanding, the social structure of Co-Ix+2/lx and mx, and Ix+3/lx and mx were not correlated lumbian ground squirrel populations may involve ex-among populations, within populations, or within any tended parental care, since daughters either acquire age class (all P > .05, Tables 1-6, Fig. 3C, D) . their mother's nest site or maintain nest sites adjacent
These results indicate that current reproduction (mx) to their mother's throughout life (Harris and Murie may be manifested as reduced current survival (Ix), or 1984, King and Murie 1985) . Therefore, there is em-reduced current survival rates px among populations, pirical support indicating that Caswell's (1980 Caswell's ( , 1981 within some populations, and within some age classes, ideas could refer to Columbian ground squirrels, so his whereas current reproduction does not appear to reprediction is examined here.
duce subsequent survival (Ix+n/lx, for n > 1) among px (=Ix+i/lx) and mx (for x and px > 0), and Ix and populations, within populations, or within age classes. . . 4A ). mx and mX+l were not correlated (all P > .10) within any population, whereas they were correlated between adjacent age classes 2 yr Part of the reason that successive survival probabilities (=mx) and 3 yr (=mx+l) among populations (r = 0.96, (lx+n/lx for n > 1) were not significantly correlated with n = 6, P < .01; Tables 1-6 ). mx could have been caused by the automatic reduction These results suggest that high fecundity in one age of sample size as n increased, but in general correlation class is not costly in terms of future fecundity. One coefficients were usually small between these traits. might ask how mx can increase with age, as Prediction Further study with more age classes may be needed to 2 demonstrates, if the costs of high fecundity are mantest this portion of Prediction 7 sufficiently.
ifested as reduced fecundity in the next age class. Clear-. . ly, Emlen's (1970) and Caswell's (1982) predictions are PredIctIon 8
contradictory. The present study suggests that ColumTinkle (1969) and Wittenberger (1979) predicted age bian ground squirrel life tables do not follow Caswell's at maturity (a) should be positively correlated with life (1982) prediction when the costs of high fecundity are expectancy (ex). That is, high survival rates should fa-measured in terms of reduced fecundity in the subsevor delayed breeding. To elaborate, it is argued that quent age class. " the benefits of early breeding by young animals are drastically reduced when survival is high because Prediction 11
breeding habitats are more often saturated by older Charlesworth (1980:242) predicted that age-specific t"
animals than when survival is low, and this pattern fecundity (mx) should vary inversely with modified leads to reduced reproductive success in young breed-reproductive value (vx+ .). That is, the costs of current ing animals. The pattern causes young animals to delay reproduction should reduce the contribution of offbreeding, to reduce survival costs attached to breeding, spring to future generations by the next age class. mx and to increase their survival, which in turn leads to and vx+ I (for mx > 0) were correlated inversely among a positive correlation between age at maturity and life populations (r = -0.40, n = 26, P < .05, Fig. 4B ) and expectancy (Wittenberger 1979 ).
within population 6 (r = -0.95, n = 4, P < .05), 
